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Abstract

Corrosion is the number-one cause of damage to industrial waste lines, po-
table water distribution systems, heat distribution pipes, and underground
storage tanks. Besides costing millions of dollars annually to repair, corro-
sion at military installations can adversely impact mission objectives
through the catastrophic failure of mission-critical infrastructure. This
project sought to develop a technology to quickly and more reliably predict
the achievement of the NACE International 100 mV polarization shift ca-
thodic protection criterion for large metallic structures. By basing the pre-
diction on sufficient initial short-term data, any error associated with
long-term environmental changes (e.g., moisture, temperature changes,
and soil compaction) is avoided. Time savings for reduced measurement
labor is a related benefit. Overall, the technology was validated at a proof-
of-principle level. While not yet ready for immediate implementation, the
technology merits further coordinated development. Wider testing and
field demonstration, followed by a concerted and long-term criteria ac-
ceptance effort, are still required. Once fully implemented, the projected
return on investment is projected to be 8.55.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. Ci-
tation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.

DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR.




ERDC/CERL TR-16-20

Contents

Abstract ii
Figures and Tables \%
Preface vi
Executive Summary vii
Unit Conversion Factors viii
1 Introduction 1
1.1 Problem StatemeENTt..... . 1

IO O o= o1 €AY PSP 3

IORC T Y oo (o= T o I PSP 4

IO S /= o= 4

2 Technical Investigation 5
2.1 TeChNOIOBY OVEIVIEW......eeeeeiiceteeeieitee et e s st s s e s se e e s e e e s s enne e e s enn e e e s nanee 5
2.2 Polarization-decay MeasUrE€mMENTS .....c.cevveericierrrie e s senee e 5
2.3 CUrve-fit CONSIAEIATIONS ....uureieieieieeciirrre e e e eeeerrrre e e s e s e ssanr e e e e e s e seesnnnrereeesesennnn 6
2.4 Concurrent development of a fieldable hand-held device........cccccvveceeveceennnes 7

2.5 Field experimentation and verification.....c.cccevicciei e 8

3 Discussion 9
G 50 N o (Y=Y |1 9
3.1.1 L= ] oo = 1 (0] 4R =211 = SRR 9

3.1.2 City of Cleveland field tESTING .....ceceeeeeeere ettt ne e 11

3.1.3 L (oY g0 = o t= 1= I (XS] = SRR 13

3.1.4 Indiana, PA, data tESHING .....ceeveereieeeeeese ettt sne s 15

3.1.5 Fort Leonard Wood preliminary field teStiNg .......c.cceereveecerieeeeeeeeeeeee e 16

G T I =110 g 1= 1= T g U= [ 17

4 Economic Summary 18
4.1 Costs and asSSUMPLIONS......uiiiiiiiierecieie e e e s e e e e e e e e e s ne e e e e e e e e eane s 18
4.2 Projected return on invesStMeNt (ROI) ..cuceeeeiieccieieceer e 20

5 Conclusions and Recommendations 22
L 700 A o o 11 1= [ 1= 22
LSO S (= ToTo] 0 0] 0 =T o F= L o 1= 22
5.2.1 YT o] o= o 14 2SR 22

5.2.2 IMPIEMENTATION ...ttt e e e e s esn e e e ann e e e s 23
References 24

Appendix A: Laboratory Measurements 25




ERDC/CERL TR-16-20

iv

Appendix B: Field Data Collection
Appendix C: Preliminary Field Validation Testing

Report Documentation Page

33

37



ERDC/CERL TR-16-20

Figures and Tables

Figures

Figure 1. Typical polarization dECAY CUIVE. .....ccvverererieresirieressesse s se s ses e ses s 5
Figure 2. Typical polarization decay of bare steel potential vs. time in tap water

over 14,000 seconds (curve-fit trend line ShOWN iN red). ...ccveveeeeeeeeiereerreeree e sseeneens 9
Figure 3. The first 500 seconds of data from Figure 2 (curve-fit trend line shown

1 N = TSRS 10

Figure 4. Polarization decay of steel potential vs. time in soil over a 9,000 second
period. The blue line represents the observed values recorded. The other lines

represent predicted CUrVE-fIt tIENAS. ...oov et 11
Figure 5. The first 500 seconds of data and curve-fit trend lines from Figure 4................ 11
Figure 6. Polarization decay data and curve-fit trend lines for interior of 5-million

gallon water storage tank at Cleveland, OH. ... 12
Figure 7. Polarization decay data and curve-fit trend lines for steel-reinforced

concrete power-plant cooling tower at JacksonVville, FL. ........cinivervnneeniene s 14
Figure 8. Polarization decay data and curve-fit trend lines for exterior of a

50,000-gallon underground fuel storage tank at Indiana, PA. ... reereeeeecceeceeeenenene 15
Tables

Table 1. Example of calculated polarization decay values for 5-million gallon
above-ground water storage tank for extended time periods (up to 1 year) from
initial data points (150 to 900) for the curves shown in FigUre B. ........ccveervereerveresensenenns 12

Table 2. Calculated polarization-decay values for steel-reinforced concrete power-
plant cooling tower from initial data points (150 to 900) for the curves shown in
FIBUIE 7. et e e e e e E R e R e e e 14

Table 3. Example of calculated polarization decay values for 50,000-gallon fuel
UST for extended time periods (up to 1 year) from initial data points (150 to 900)

for the curves ShOWN iN FIBUIE 8. ... s 16
Table 4. Breakdown Of ProjECT COSTS. ..cuiimmrmirrririrnererr s s 18
Table 5. Breakdown of project CONtract COStS.....cummmmmnminnrriers s 18

Table 6. Return on iNnvestMeNnt SPreadshEeT. ... 21



ERDC/CERL TR-16-20

Preface

This demonstration was performed for the Office of the Secretary of De-
fense (OSD) under Department of Defense (DoD) Corrosion Prevention
and Control Project F12-AR03, “Polarization and/or Decay Fit for Assured
Impressed Current Protection,” Military Interdepartmental Purchase Re-
quest (MIPR) DSAM20389, dated 3 February 2012. The proponent was
the U.S. Army Office of the Assistant Chief of Staff for Installation Man-
agement (ACSIM), and the stakeholder was the U.S. Army Installation
Management Command (IMCOM). The technical monitors were Daniel J.
Dunmire (OUSD(AT&L)), Bernie Rodriguez (IMPW-E), and Valerie D.
Hines (DAIM-ODF).

The work was performed by the Materials and Structures Branch (CEERD-
CFM), Facilities Division (CF), U.S. Army Engineer Research and Develop-
ment Center, Construction Engineering Research Laboratory (ERDC-
CERL). Significant portions of this work were performed by Bushman &
Associates of Medina, OH, and monitored by ERDC-CERL. At the time of
publication, Vicki L. Van Blaricum was Chief, CEERD-CFM; Donald K.
Hicks was Chief, CEERD-CF; and Kurt Kinnevan, CEERD-CZT, was the
Technical Director for Adaptive and Resilient Installations. The Deputy
Director of ERDC-CERL was Dr. Kirankumar Topudurti, and the Director
was Dr. Ilker Adiguzel.

The contributions of subcontractors David Franklin (MSE-TA Applications
of Butte, MT) and Terry Wamsley (Hach Co., Loveland, CO) are acknowl-
edged. Matthew Ziemann of ERDC-CERL provided input on return-on-in-
vestment calculations.

The following installation personnel are also gratefully acknowledged for
their support and assistance in this project:

« J.D. Bales — Directorate of Public Works, Fort Leonard Wood
« Bill Rafferty — USACE District Office, Omaha, NE

The Commander of ERDC was COL Bryan S. Green and the Director was
Dr. Jeffery P. Holland.



ERDC/CERL TR-16-20 vii

Executive Summary

Impressed current and galvanic cathodic protection (CP) systems, when
used in conjunction with improved coating systems, are capable of provid-
ing corrosion protection to large metallic structures. However, periodic
monitoring is required to ensure that metallic structures remain suffi-
ciently polarized for effective corrosion protection in accordance with
NACE International standards. For decades there has been a need for a
more reliable and faster way to monitor the polarization status of cathodi-
cally protected buried and submerged ferrous structures. In addition to re-
quiring many hours of labor, typical methods of testing CP system effec-
tiveness require extended time frames that can significantly compromise
the data. The measurement of polarization gain or decay (indicative of
having previously achieved sufficient polarization) resulting from the ap-
plication of CP systems is one of the two primary criteria for assessing
whether effective CP has been achieved. Furthermore, on many structures,
it is the only criterion that can be used.

Polarization readings can be shifted significantly with changes in environ-
mental moisture, temperature, and even traffic around the structure.
Therefore, polarization data can erroneously show increases or decreases
in decay rates purely due to passing rain storms or the difference in tem-
perature from midday to midnight, thus adversely impacting the reliability
of monitoring. This process is further complicated as the size of structures
being tested increases, as in the case of pipelines that run many miles or
the case of when a structure’s coating quality deteriorates over time. Using
methods currently available, the measurement of polarization gain or de-
cay can take 24 hours or more at each location being monitored, and mul-
tiple trips to each test site are often required to determine if the criterion
has been met.

The Engineer Research and Development Center, Construction Engineer-
ing Research Laboratory (ERDC-CERL) proposed to the Office of the Sec-
retary of Defense (OSD) to create a prototype electronic device to aid the
development and validation of a polarization curve fit and predictive algo-
rithm. This project successfully developed a technology capable of taking a
reliable and predictive snapshot of a structure’s polarization in a matter of
minutes, with the added benefit of eliminating the possibility of changes in
the environment skewing the data collected over a longer time and giving a
false indication of the state of cathodic protection.
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Unit Conversion Factors

Multiply By To Obtain
degrees Fahrenheit (F-32)/1.8 degrees Celsius
feet 0.3048 meters

gallons (US liquid) 3.785412 E-03 cubic meters
inches 0.0254 meters

square feet 0.09290304 square meters
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1.1

Introduction

Problem statement

Corrosion is the number-one cause of damage to industrial waste lines, po-
table water distribution systems, heat distribution pipes, above-ground
storage tanks (on grade and elevated), and underground storage tanks
(USTs). Besides costing millions of dollars annually to repair, corrosion at
military installations can adversely impact mission objectives through the
catastrophic failure of mission-critical infrastructure. It has been esti-
mated that corrosion-related economic losses in the United States now
amount to about $1 trillion per year [1].

Cathodic protection (CP) is a well-established, widely practiced electro-
chemical technique for corrosion control of numerous buried and im-
mersed steel structures, including pipelines, storage tanks, ship hulls, re-
bar in concrete, and hot water heaters. If properly designed, monitored,
and maintained, CP is the only technique that can completely prevent cor-
rosion. Protective coatings alone cannot completely prevent corrosion.
Nevertheless, coatings serve as a valuable supplement to CP wherever the
latter is applicable. While providing partial corrosion protection, coatings
also serve to reduce the net amount of CP current required. The direct cur-
rent (DC) required for CP can be supplied either from sacrificial anodes,
impressed-current cathodic protection (ICCP) systems, or a combination
of both. Protected structures must be monitored periodically as described
for example, in NACE International Standards—(Standard Practice)
SP0169 [2] and (Test Method) TM 0497 [3]— to determine the effective-
ness of the structure’s CP.

One of the criteria for determining CP efficacy, and the only one that can
be used on some structures (e.g., typically larger ones), is to achieve

100 mV of polarization shift. Polarization shift is established by purpose-
fully directing a positive and sufficiently large DC to terminate on the
structure to be protected. This positive current travels through an electro-
lyte, consisting typically of either water or moist soil. Associated transport
of negative carriers—electrons—occurs in the metallic structure and at-
tached conducting wires.
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Naturally occurring corrosion is a battery-like process requiring the pres-
ence of four elements: anode, cathode, electrolyte, and an electron conduc-
tion path. When metal is refined from its original oxide, considerable en-
ergy input is required. In situations where all four elements of natural
corrosion are present, the metal will tend to revert to its oxide form and
lose its structural strength and integrity. This process occurs at the metal
surface in contact with an electrolyte. An essential step in the chemical re-
action is the loss of an electron into the metal, leaving a positively charged
metal atom. This atom would normally combine with a hydroxide mole-
cule and ultimately form an oxide or “rust” product. However, to counter-
act this reaction, the CP system applies a positive current. Further, by this
process of “driving the battery backwards,” the criteria requires the metal
be further kept at a conservative and assuredly non-corroding energy level.
This is determined by measurement of the level of polarization potential.

When CP is first applied, it is possible to measure the amount of increasing
polarization of a metallic structure relative to a starting equilibrium native
potential. However, the more typical monitoring situation is for existing
structures already under CP. In this case, the approach is to temporarily
switch off the CP and then, very shortly after a sharp initial potential
change, to monitor the polarization potential decay over time. If at least
100 mV of decay is observed, then this is indicative of having achieved ac-
ceptable corrosion protection according to criteria. Needless to say, it is es-
sential to then turn the CP system back on again with no adjustments to
the settings.

The potential is measured with the aid of a reference electrode (half-cell)
and a high input-impedance DC voltmeter; the potential decay data are
recorded by a suitable device. If the polarization decay rate is very slow, it
can take 4 hours or more to determine if the 100-mV criterion has been
met at each test location. Furthermore, for buried structures, polarization
readings can be influenced by variations in soil moisture content, diurnal
temperature changes, aboveground traffic, the size of the structure (e.g.,
buried pipelines that run tens of miles), coating system deterioration over
time, and so forth. All of these factors make it very time consuming, incon-
venient, uneconomical and, in some cases, impractical to perform the cri-
terion-compliance monitoring. Distortions in normal polarization decay
can occur over hours or days due to factors such as change in oxygen diffu-
sion, temperature changes, moisture changes in soil, etc. These distortions
would be missed if measurements were taken only at the very beginning or
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end of the depolarization test period. Thus, the corrosion protection indus-
try has had a critical need for a more reliable and faster protocol for moni-
toring polarization decay to determine the efficacy of CP systems on struc-
tures where other criteria cannot be used.

Currently, to measure the effectiveness of CP systems, the impressed cur-
rent system must be shut off and the structure’s polarization monitored for
time periods ranging from 4—24 hours or even longer. Given the length of
a typical work day, the majority of monitoring must be performed without
supervision, thus increasing the probability of error in the measured data.

The goal of this project was to increase the reliability of verifying the reali-
zation of criteria compliant CP through the use of rapid and validated pre-
diction methods of long-term polarization potential shifts. This is espe-
cially applicable to larger structures where readings are more prone to
adverse effects from environmental factors as well as operator error. A
concurrent benefit includes time savings. As one example, a large natural
gas distribution piping system may have several hundred test stations that
each must be tested annually in compliance with federal regulations. The
original goal was to obtain a good, accurate, and validated prediction using
no more than 15 minutes of polarization decay monitoring data.

To prolong the life of its valuable and mission-critical infrastructure, the
Department of Defense (DoD) Corrosion Prevention and Control (CPC)
Program funds the Engineer Research and Development Center — Con-
struction Engineering Research Laboratory (ERDC-CERL) to demonstrate
and validate corrosion prevention technologies.

For this study, the work consisted of developing a polarization predictive
algorithm that is capable of providing a reliable and predictive snapshot of
a structure’s polarization level in a matter of minutes.

Objective

The objective of this project was to develop and field-validate a predictive
algorithm capable of accurately projecting the longer-term quantitative
polarization status of a steel structure equipped with a CP system. A sec-
ond objective is to create a prototype electronic device to take measure-
ments of polarization levels to aid the development and validation of the
predictive algorithm.
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1.3

1.4

Approach

Prior literature on this subject was first reviewed [4—7]. The project was
divided into four main activities. The initial laboratory work was per-
formed by Bushman & Associates (B&A) of Medinah, OH. Measurements
were taken for both bare and coated steel samples, using two types of soil
with both high- and low-oxygen permeability. The purpose of this work
was to become familiar with decay curves for various environments and
structure types while standardizing measurement procedures and proto-
cols.

B&A conducted field data collection of multiple representative polariza-
tion-decay data sets and developed curve-fitting equations and a predictive
algorithm to measure polarization-decay data, along with a preliminary al-
gorithm for field validation testing.

Polarization-decay data were generated from numerous laboratory and
field tests. Laboratory tests included test panels immersed in water and
buried in 5-gallon buckets. Field test locations included Cleveland, OH;
Jacksonville, FL; Indiana, PA; and Fort Leonard Wood, MO. A large num-
ber of curve-fitting algorithms were evaluated to determine the best one.

Preliminary performance validation of a prototype measurement and data
logging device developed by ERDC-CERL was assessed by using it to
gather polarization-decay data on two elevated water tanks at Fort Leon-
ard Wood, MO.

Metrics

The prediction algorithm was considered successful if the resulting curve-
fit matched that of actual data recorded for a structure. An R2goodness-of-
fit characterization parameter was employed.

The NACE International standard for measurement of CP was used—
TMo0497-2012, “Measurement Techniques Related to Criteria for Cathodic
Protection on Underground or Submerged Metallic Piping Systems.”
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2.1

2.2

Technical Investigation

Technology overview

Figure 1 shows a typical polarization decay curve. The curve shows a con-
stant “ON” potential followed by a rapid IR potential drop when the cur-
rent is turned off, followed by a long-term potential decay. Figure 1 uses
the convention of showing just the magnitude of the potential readings so
as to conceptually emphasize the ongoing decrease in the protective polari-
zation over time. In this report, the equivalent representation showing a
“rising” curve (i.e., flipped about the X axis) is also used, where the read-
ings become less negative during polarization decay.

Figure 1. Typical polarization decay curve.

Current Off
P
A . "On" Potential =
£ IR Drop
= . |
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Polarization-decay measurements

Initial laboratory work was performed by the contractor. Using both low-
and high-oxygen permeability soils, polarization decay was studied for
bare and well-coated steel samples. Similar samples were also placed in

native soil, and polarization-decay data was taken for comparison (See Ap-
pendix A).

Polarization-decay data sets for multiple large structures were collected
from three different geographical locations (see Appendix B). The repre-
sentative structures included above-ground water storage tanks, elevated
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water storage tanks, the steel reinforcement of a power plant cooling
tower, and a UST. In all, 17 complete data sets were collected.

Curve-fit considerations

The purpose of the curve-fit equation was to make it possible to use it in
coordination with short-term data measurements in the field to predict
with a high degree of confidence that a structure is being provided the cor-
rect amount of current that allows it to be fully protected by the ICCP sys-
tem.

For practical engineering purposes and given the multiple factors in-
volved, no idealized mathematical form of a decay curve was presumed.
Instead, a number of likely functions were tested and the associated good-
ness-of-fit parameter, R2, was assessed for each. These functions included
sinusoidal, exponential, polynomial, hyperbolic decline, Farazdaghi-Har-
ris, and DR-LogProbit [e.g., 8; 9; 10]. Data were assembled by using stand-
ard industry practice and engineering judgment, including consideration
of key variables such as soil type, structure type and size, structure coating
condition and quality (including bare steel), structure location, and cli-
mate conditions.

Within any particular data set, each polarization measurement was taken
not more than two seconds apart for the initial-period data and at one mi-
nute intervals later. The initial period is the period of time when the polar-
ization decay changes noticeably over 60-second intervals. The minimum
initial time period was 15 minutes. Three distinct classes of common struc-
tures were represented in the polarization data sets: above-ground water
storage tanks, steel-reinforced concrete, and steel USTs for fuel. Typical
large ferrous structures requiring CP include elevated water storage tanks,
natural gas pipelines, water pipelines, and metallic USTs.

The full and complete data sets for curve-fit development were not pro-
vided to ERDC-CERL by the contractor. The data sets were used during
the laboratory, field comparison, and validation phases. The contractor
provided no indication that any peer inspection or review was involved. In
addition, the specific predictive algorithm was not provided prior to the
contractor’s demise and subsequent dissolution of the company.
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Concurrent development of a fieldable hand-held device

As part of this project, a prototype hand-held device was developed and
was intended to, ultimately, simplify the process of data taking and analy-
sis. The intent was for the nonspecialist to be able to easily and accurately
determine compliance with protective NACE International CP criteria. In
the interim, various commercial off-the-shelf (COTS) hardware has been
introduced that can be easily adapted to this task. Although there may still
be a niche market for the prototype device, provided that the development
is completed and that regulatory acceptance of a fitted, rapid assessment
method is obtained. The following specifications were determined by this
project to be needed for such a handheld device:

« Measurement and storage of DC voltage readings (0—2,000 mV), with
resolution of 0.1 mV and accuracy of £+1 mV

« Input impedance range of 10—20 MQ

« Sampling rate of 1 us and data-logging rate of one reading per second

» Recording begins after the initial voltage spike of rectifier interruption

« Alternate current (AC) filtering, including rejection of up to 15 volts of
alternating current (VAC) at 50/60 Hz

« Digital indicators for power on/off, battery life status, and display of
readings acquired in real time

« 16 bit processor

+ 512 kB memory

» Universal serial bus (USB) 2.0 or later input/output port for communi-
cation with computer running Microsoft Windows 7 or 8 (either 32-bit
or 64-bit)

» Ability to receive testing instructions, software and firmware updates
from a Windows System 7 or Windows 8 computer via USB 2.0 and
also be able to download stored data for analysis

« 1/2 LSb (least significant bit) accuracy (0.366 mV), 0.09375—0.125 LSb
(0.0686—0.0915 mV) resolution

« Minimum of 256 data readings

« Unit “ON” indicator, and separate unit data logging LED (light emit-
ting diode) indicator

« Banana plug input receptacle for DC voltage test leads

» Collect data until stopped by pushing a button or at the end of a se-
lected time period (e.g., 600, 900, or 1,200 seconds, or 4 or 24 hours).

« Push-buttons to select the program to be used, to record START and
STOP times, and to download data stored in the unit.
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» Ability to test multiple locations with each test performed at either
600, 900, or 1,200 seconds, and then download all data sets with cor-
rect identifiers for each test.

» Weather-resistant performance with ability to operate over a tempera-
ture range of 0°F to 120°F.

« Capability to digitally display selected commands and the last data rec-
orded, on a real-time basis.

Field experimentation and verification

The goal of the field experimentation was to interrupt CP current to vari-
ous structures and then measure and record polarization voltages as the
cathodic protection of a structure was decaying. Then, using the algorithm
described in section 2.3, a polarization-decay curve would be constructed.
Finally, the measured polarization voltages would be compared with the
constructed decay curve to see if the curve-fit algorithm accurately pre-
dicted the long-term polarization decay of the structure. Details and pho-
tos of this process for water towers at Fort Leonard Wood, MO, are shown
in Appendix C.
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3.1

Discussion

Results
3.1.1 Laboratory testing

A graphical plot of the potential decay versus time for one bare-steel test
panel is shown by the blue line in Figure 2 for slightly more than the first
14,000 seconds (i.e., 3.89 hours). Analysis of the data was performed by
using commercially available software. The best graphical fit was obtained
with the Morgan-Mercer-Flodin (MMF) model algorithm, as indicated by
the red line in Figure 2. All triplicate panels exhibited very similar behav-
ior (see Appendix A). Other mathematical functions were also explored, as
described in section 2.3.

Figure 2. Typical polarization decay of bare steel potential vs. time in
tap water over 14,000 seconds (curve-fit trend line shown in red).
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As shown in Figure 2, the general trend of the polarization decay was a hy-
perbolic curve (i.e., decreasing rate of decay with time). However, effects
such as non-uniform oxygen diffusion in the tap water stagnant solution
(open to the atmosphere) appeared to distort the normal polarization de-
cay trend over longer periods as depicted in Figure 2. Coating the panels to
minimize waterline effects did not eliminate this behavior. Figure 3 shows
that an excellent curve fit was obtained, for example, when data for just
the first 500 seconds of polarization decay was used in the trend line anal-
ysis.
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Figure 3. The first 500 seconds of data from
Figure 2 (curve-fit trend line shown in red).

MMF
T

-840y . .
—aauf
—asuf
—9005
—920-

=940

=960

Lans = 1

_ i i i i
9800 100 200 300 400 500 600

X1

Typical polarization decay and curve-fit analysis in clay soil are shown in
Figure 4. The blue line represents the actual decay curve over 9,000 sec-
onds (2.5 hours). The departure from a normal decay curve after the first
1,000 seconds or so is again attributed to effects such as non-uniform oxy-
gen diffusion. The curve-fit trend lines corresponding to data for the first
150, 300 or 600 seconds are also shown. Significant deviation of predicted
polarization decay occurs after the first 500 seconds. However, curve-fit-
ting the actual data for just the first 500 seconds exhibits excellent correla-
tion with the B&A model as shown in Figure 5.

This analysis algorithm is intended for rapid application to field-polariza-
tion decay data. Within a very short time the results of the curve-fit predic-
tion is obtained and can also be displayed graphically along with the actual
data in a standard spreadsheet program. Based on using sufficient prelimi-
nary measurement data it will be possible to predict if full CP criteria will
be met or not.
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Figure 4. Polarization decay of steel potential vs. time in soil over a 9,000 second
period. The blue line represents the observed values recorded. The other lines
represent predicted curve-fit trends.

_200 T T T T 1
(L 2000 4000 6000 8000 10000
-300 R
-400 4+ e
-500
= Observed

-600 fit 150

fit 300
~700 it 600
-800
900 4 Potential (mV-CSE) vs. Time (s)
-1000

Figure 5. The first 500 seconds of data and curve-fit trend lines from Figure 4.
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3.1.2 City of Cleveland field testing

There was excellent agreement between the contractor curve-fit model and
the polarization decay data. The curve fit model was compared to 2.76
hours of polarization-decay data measured on a 5-million gallon above-
ground water storage tank. The results are shown in Figure 6. The calcu-
lated polarization decay values projected for various time periods are sum-
marized in Table 1. The projected data-fit values for 150, 300, 600, and
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900 data points (i.e., one per second) are shown. The coefficient of deter-
mination, or R2, is very close to 1.0, indicating exceptional fit between the
data points and the contractor model. Also shown for each designated time
period is the amount of potential-decay change (i.e. A value) with respect
to the initial, instant-OFF potential. It should be noted that the predicted
values for four hours using the various initial data point fits (i.e., 535—552
mV) are greater than the last measured value of 510 mV which occurred at
2.76 hours. The estimated potential shifts are smaller and hence more con-
servative than what was measured.

Figure 6. Polarization decay data and curve-fit trend lines for
interior of 5-million gallon water storage tank at Cleveland, OH.

800 Potential (mV-CSE) vs. Time (s)
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Table 1. Example of calculated polarization decay values for 5-million gallon above-
ground water storage tank for extended time periods (up to 1 year) from initial data
points (150 to 900) for the curves shown in Figure 6.

Data as MEASURED using Data Logger

First MEASURED value at 8s (mV) 805.70

Final MEASURED value at 9929s (mV) 510.30

Final MEASURED Polarization decay at 9929 (A mV) 295.4

Calculated Projections from B&A Formula Fit 150 Fit 300 Fit 600 Fit 900

551.77 | 544.00 | 539.1 | 535.09
(253.93) | (261.70) | (266.6) | (270.61)
52003 | 520.11 | 513.82 | 508.57
(275.77) | (285.59) | (291.88) | (297.13)
516.26 | 505.14 | 497.94 | 491.89
(289.44) | (300.56) | (307.76) | (313.81)

4-Hour Calculated Value (mV) (Polarization decay A mV)

12-Hour Calculated Value (mV) (Polarization decay A mV)

24-Hour Calculated Value (mV) (Polarization decay A mV)
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Calculated Projections from B&A Formula Fit 150 Fit 300 Fit 600 Fit 900

502.67 | 49022 | 482.11 | 475.23
(303.03) | (315.48) | (323.59) | (330.47)

402.07 379.25 363.98 350.67
(403.63) | (426.45) | (436.72) | (455.03)

Coefficient of Determination, R (fitted range) 0.99972 | 0.99963 | 0.99964 | 0.99928
0.99972 | 0.9995 0.99911 | 0.99816
0.99854 | 0.99963 | 0.99939 | 0.99886
0.99121 | 0.99869 | 0.99964 | 0.99924
Coefficient of Determination (900 points 0.97673 | 0.99428 | 0.99847 | 0.99928
Coefficient of Determination (full observed range) 0.02903 | 0.31785 | 0.46978 | 0.57692

48-Hour Calculated Value (mV) (Polarization decay A mV)

One-Year Calculated Value (mV) (Polarization decay A mV)

Coefficient of Determination (150 points

Coefficient of Determination (300 points

Coefficient of Determination (600 points

)
)
)
)

3.1.3 Florida data testing

In all these cases, there was excellent fit between the data and the contrac-
tor model. An example of the polarization decay measurements taken at 5-
minute intervals and the contractor model curve-fits is shown graphically
in Figure 7. The calculated polarization decay values projected for various
time periods are summarized in Table 2. Shown are values from the pre-
dictive algorithm for various longer time intervals based on the four cases
of using the initial 150, 300, 600, and 900 data points. Again, very good
polarization decay correlation is indicated. It should be noted that the test
results from all of the polarization decay projections are only considered
reliable for 4—24-hour projects. Projections for longer time periods are
considered not acceptable unless substantially longer decay data is pro-
vided and analyzed.
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Figure 7. Polarization decay data and curve-fit trend lines for steel-reinforced
concrete power-plant cooling tower at Jacksonville, FL.

Potential (mV-Ag/AgCl) vs. Time (5-min intervals)
-150
-200
observed
-250 e fit 150
fit 300
300 = fit 600
e it 900
-350
-400 T T T T
0 50 150 200 250 300 350

400

Table 2. Calculated polarization-decay values for steel-reinforced concrete power-
plant cooling tower from initial data points (150 to 900) for the curves
shown in Figure 7.

Data as MEASURED using Data Logger

(600 points)

First measured value at 1s -399.00 mV
Final measured value at 371 s -180.00 mV
Final MEASURED Polarization decay at 371 s (A
219

mV)
Calculated Projections from B&A Formula Fit 150 Fit 300 Fit 600 Fit 900
4-Hour Calculated Value -42.93 mV -46.33 mV -50.30 mV -50.30 mV
(Polarization decay A mV) (356.07) (352.67) (348.70) (348.30)
12-Hour Calculated Value -3.65mV -7.72mV -12.51 mV -12.51 mV
(Polarization decay A mV) (395.35) (391.28) (386.49) (386.49)
24-Hour Calculated Value 21.13 mV 16.63 mV 11.33mV 11.33mV
(Polarization decay A mV) (420.13) (415.63) (410.33) (410.33)
48-Hour Calculated Value 45.90 mV 40.97 mV 35.16 mV 35.16 mV
(Polarization decay A mV) (444.90) (439.97) (434.16) (434.16)
One-Year Calculated Value 231.87 mV 223.72 mV 214.04 mV 214.04 mV
(Polarization decay A mV) (630.87) (622.72) (613.04) (613.04)
Coefficient of Determination, R2

. 0.99977 0.99939 0.9984 0.9984
(fitted range)
Coefficient of Determination 0.99977 0.99961 0.99902 0.99902
(150 points)
Coefficient of Determination 0.99901 0.99939 0.99893 0.99893
(300 points)
Coefficient of Determination 0.99617 099779 09984 09984
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Calculated Projections from B&A Formula Fit 150 Fit 300 Fit 600 Fit 900
Coefficient of Determination 0.99617 0.99779 0.9984 0.9984
(900 points)

Coefficient of Determination 0.99617 0.99779 0.9984 0.9984

(full observed range)

In Table 2, it should be noted that the test results from all of the polariza-

tion decay projections are only considered reliable for 4—24 hours. Projec-
tions for longer time periods are considered unacceptable unless substan-
tially longer decay data is provided and analyzed.

3.14 Indiana, PA, data testing

Typical plots are shown in Figure 8 where the curve fit model was com-
pared to 6.37 of polarization decay data. All of the data analyses validated
the contractor’s curve-fit model. An example of the calculated polarization
decay values for extended times from the initial data points are shown in
Table 3. It is apparent that the coefficients of determination (R2 values) in-
dicate nearly perfect fit of data to the contractor model, with differences of
only ~15 mV between the projected 4-hour and 24-hour values.

Figure 8. Polarization decay data and curve-fit trend lines for exterior of a
50,000-gallon underground fuel storage tank at Indiana, PA.

1000
990 -—— Potential (mV-CSE) vs. Time (s)
980
; observed
970 \ —fit 150
960 fit300
950 4 ——fit 600
——fit 900
940 —
\
930
920
910
900 T T T T T T T T 1
0 100 200 300 400 500 600 700 800 900




ERDC/CERL TR-16-20

16

Table 3. Example of calculated polarization decay values for 50,000-gallon fuel UST
for extended time periods (up to 1 year) from initial data points (150 to 900) for the
curves shown in Figure 8.

First measured value at 27s 977.37 mV

Final measured value at 22927 s 877.20 mV

Eir\}?l MEASURED Polarization decay at 22927s (A 10017

Calculated Projections from B&A Formula Fit 150 Fit 300 Fit 600 Fit 900
4-Hour Calculated Value 918.08 mV 915.42 mV 911.15mV 907.96 mV
(Polarization decay A mV) (59.29) (61.95) (66.22) (69.41)
12-Hour Calculated Value 911.07 mV 907.86 mV 902.53 mV 898.41 mV
(Polarization decay A mV) (66.30) (69.51) (74.84) (78.97)
24-Hour Calculated Value 906.65 mV 903.10 mV 897.09 mV 892.36 mV
(Polarization decay A mV) (70.72) (74.27) (80.28) (85.01)
48-Hour Calculated Value 902.23 mV 898.34 mV 891.65 mV 886.31 mV
(Polarization decay A mV) (75.14) (79.03) (85.72) (91.27)
One-Year Calculated Value 869.05 mv 862.56 mV 850.73 mV 840.70 mV

(Polarization decay A mV)

Coefficient of Determination

0.99956 0.99824 0.99619 0.99522
(fitted range)
Coefficient of Determination

0.99956 0.99714 0.98776 0.97235
(150 points)
Coefficient of Determination

0.99241 0.99824 0.99296 0.98615
(300 points)
Coefficient of Determination

0.94758 0.98291 0.99619 0.99324
(600 points)
Coefficient of Determination

0.88226 0.94844 0.98979 0.99522

(900 points)

3.1.5 Fort Leonard Wood preliminary field testing

Field testing was performed jointly by ERDC-CERL and the contractor on
three ICCP systems operating at Fort Leonard Wood, MO. Details of the
procedure are provided in Appendix C. For comparison purposes, polari-
zation-decay data sets were concurrently measured from the same instan-
taneous input using two separate recording systems. Not all data sets were
recorded in duplicate. The three systems tested were:

« Indiana Avenue, 500,000-gallon elevated water storage tank:
o Afirst scan, with readings taken every second for 9,990 readings
o A second scan taken simultaneously, with readings taken every 10
seconds for 20 hours total
o A third scan with readings taken every second for 127 readings
« Indiana Avenue, 2,250,000-gallon above-ground water storage tank:
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o A scan with readings taken every second for 9,990 readings
« Airfield, 500,000-gallon elevated water storage tank:
o A scan with readings taken every second for 9,990 readings

The field validation analysis of implementing the contractor curve-fit algo-
rithm showed good results for the airfield’s elevated water storage tank.
The R2 goodness-of-fit parameters using the first 150, 300, 600, and 900
readings (i.e., 2.5—15 minutes) were excellent (see Appendix C).

Lessons learned

This promising technology was shown to be effective at the proof of princi-
ple level. The ability to quickly and accurately predict the achievement of
the 100 mV criterion was demonstrated to take only a fraction of the time
that is now required. However, from a conservative engineering perspec-
tive, further work is required prior to acceptance and widespread use of
this technology. Based on the work documented here, the subsequent de-
velopment path should include:

« further openly documented algorithm development and testing for a
wider set of representative field conditions and structures;

« wider openly documented validation testing for multiple geographical
locations and structures; and

» development and implementation of a detailed criteria-acceptance plan
involving both long-term participation on the NACE International
committee responsible for Standard Test Method (TM) TMo0497 and a
multiparticipant round robin test involving peer review.

Another lesson learned for similar future development efforts is that the
contract scope of work should be more explicit about government owner-
ship of the technology developed, while also requiring multiple intermedi-
ate deliverables. In future validation of the technology on multiple types of
structures, ideally at least one example of each type of structure should be
tested at multiple locations.
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4 Economic Summary

The total project costs were $280,000. A rough breakdown of the project
expenses is shown in Table 4.

The contract expenses for this project are detailed in Table 5.

Table 4. Breakdown of project costs.

Description Amount, $K

Labor 153
Materials 24
Contracts 63
Travel 20
Reporting 20
Air Force and Navy participation 0
Total 280

Table 5. Breakdown of project contract costs.

ltem Description Amount, $K
1 Labor for project management and execution 445
2 Travel for project management 12.0
3 Cost for materials 2.6
4 Shipping costs 0.5
5 Cost for installation 3.0
Total 62.6

4.1 Costs and assumptions

Total direct costs were $140K, with $140K in matching funds from Fort
Leonard Wood. Thus, the investment required was $280K. The direct
costs included sums for labor, contracts, materials, travel, and written re-
ports. These costs were shared between OSD and Fort Leonard Wood.

Because this demonstration evaluated a novel technology for rapidly con-
firming structure polarization or depolarization without directly observing
the entire process onsite, its costs and benefits are compared with the cur-
rent industry practice. A 30-year cost analysis was performed for six
500,000-gallon water towers that compares current industry practice
costs with estimated costs for the evaluated technology. Depending on the



ERDC/CERL TR-16-20 19

age of a structure being tested, typical annual maintenance inspection
costs are estimated at $1,000 per tower, totaling $6,000 annually. This
annual inspection will be unchanged by the introduction of the evaluated
technology. Similarly, repainting the exterior of the structure must be
done every 10 years at a cost of approximately $80,000 per tower, totaling
$400K every 10 years. By replacing a tank every 10 years in the baseline
case, and every 20 years in the new system case, the inspections and inte-
rior and exterior painting of the tank being replaced will not be required in
those ears. The degradation of the exterior of the structure is unaltered by
interior CP, so the introduction of the evaluated technology will not alter
this cost. Primary differences in cost are outlined in the two alternative
scenarios below.

The basis for comparison of this novel technology is that the current crite-
ria verification method involves long-term monitoring over as much as

24 hours. With the new technology, that monitoring can be accomplished
in 1 hour or less. This shorter monitoring time eliminates the introduction
of environmental error and allows for a more accurate determination of
the polarization decay. This, in turn, allows for more effective cathodic
protection of the structure.

Alternative 1 (Baseline Scenario). The current verification method
takes 8 hours per test, on average, with five tests required per water tower.
These tests need to be performed annually. Some will take more time and
others will take less time. This also assumes periodic monitoring checks
versus being present at the test station during the entire time, as well as
occasionally having to start over. The fully burdened cost per hour is $230
for a contractor. The contractor rate includes costs of travel, data analysis,
reporting, etc. For six water towers, this amounts to $55.2K per year for
monitoring.

The interior of a water tower, as protected by current cathodic protection
techniques, needs to be repainted approximately once every 10 years. This
will cost $120K per water tower, amounting to $600K every 10 years.

With current techniques, a failure or major repair in a water tower can be
expected to occur approximately every 60 years. For six water towers, this
amounts to a major repair or replacement of a single tower once every 10
years for $2.6M. This amount also accounts for the disposal/replacement
costs of a single water tower and associated failure damages.
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Alternative 2 (Demonstrated Technology). The new technology re-
quires 1 hour per test—30 minutes of monitoring and 30 minutes of analy-
sis and record keeping. Each water tower requires five separate tests,
amounting to 30 tests for the six water towers. For a contractor at $230
per hour (including travel, analysis, reporting, etc.), this totals to $6.9K
per year for all six water towers.

Due to increased monitoring accuracy, the CP system will better protect
the interior of the water tower. This improved monitoring reduces the re-
quired interior painting to once every 15 years at a cost of $720K.

The technology developed in this work, once fully accepted by regulatory
agencies and implemented, is more reliable and provides more accurate
results. Compared to the current method, this increased reliability results
in preventing the premature failure of a major piece of infrastructure. This
increased accuracy and reliability leads to an increase in the estimated life-
time of a water tower to 120 years. For six water towers, this leads to a ma-
jor failure or replacement of a single tower once every 20 years for $2.6M.
This amount also accounts for the disposal/replacement costs of a single
water tower and associated failure damages.

Projected return on investment (ROI)

The original ROI estimate for this project was 10.80, or a return of 1080%
and can be found in the project management plan (PMP). The final ROI is
8.55, or a return of 855% over 30 years. The calculation is based on a re-
quired CPC project investment of $280,000. A summary of the analysis is
show in Table 6. Both of the ROI calculations followed Office of Manage-
ment and Budget (OMB) Circular A-94. The difference between the initial
and final ROI is attributed to a shift in comparison analysis from a pipe-
line to an elevated water storage system. Pipelines have much higher
maintenance and replacement costs associated with failure, and a more ac-
curate monitoring system that led to a reduced failure rate would have a
greater monetary impact.
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Table 6. Return on investment spreadsheet.
Return on Investment Calculation
Investment Required
Return on Investment Ratio Percent

Net Present Value of Costs and Benefits/Savings 1,597 3,992
A B Cc D E F G H
Future Baseline Costs Baseline New System New System Present Value of Present Value of Total Present
Year Benefits/Savings Costs Benefits/Savings Costs Savings Value

1 61.2 12.9 12.1 57.2 451
2 61.2 12.9 11.3 53.5 42.2
3 61.2 12.9 10.5 50.0 39.4
4 61.2 12.9 9.8 46.7 36.8
5 61.2 12.9 9.2 43.6 34.4
6 61.2 12.9 8.6 40.8 32.2
7 61.2 12.9 8.0 38.1 30.1
8 61.2 12.9 7.5 35.6 28.1
9 61.2 12.9 7.0 33.3 26.3|
10 3,660.2 492.9 250.5 1,860.5 1,609.9
11 61.2 12.9 6.1 29.1 22.9
12 61.2 12.9 5.7 27.2 21.4]
13 61.2 12.9 5.4 25.4 20.0
14 61.2 12.9 5.0 23.7 18.7
15 61.2 732.9 265.6 22.2 -243.4
16 61.2 12.9 4.4 20.7 16.4
17 61.2 12.9 4.1 19.4 15.3
18 61.2 12.9 3.8 18.1 14.3]
19 61.2 12.9 3.6 16.9 13.4
20 3,660.2 3,010.8 778.0 945.8 167.8|
21 61.2 12.9 3.1 14.8 11.7
22 61.2 12.9 2.9 13.8 10.9
23 61.2 12.9 2.7 12.9 10.2
24 61.2 12.9 2.5 12.1 9.5
25 61.2 12.9 2.4 11.3 8.9
26 61.2 12.9 2.2 10.5 8.3
27 61.2 12.9 2.1 9.8 7.8
28 61.2 12.9 1.9 9.2 7.3
29 61.2 12.9 1.8 8.6 6.8
30 3,660.2 1,212.9 159.4 481.0 321.6




ERDC/CERL TR-16-20 22

51

5.2

Conclusions and Recommendations

Conclusions

A technology able to quickly and accurately predict the future meeting of
CP criteria was demonstrated on two types of large structures at one geo-
graphical location. The predictive curve-fit algorithm development used 17
field data sets taken from four different structures, as well as small-scale
laboratory input. No data from a buried metallic piping network was in-
cluded. Validation documentation was provided from one of the two types
of structures tested at Fort Leonard Wood. Nonetheless, the results from
this effort show good potential and future promise, provided that further
development and pursuit of criteria acceptance is continued.

An accurate and validated prediction algorithm will allow for significant
time savings every time it is used on large metallic structures to verify the
achievement of fully protective CP that meets NACE International criteria.
In addition, improved accuracy and reliability will be derived from the fact
that during the shorter measurement interval, there will be less chance of
broad weather and environmental changes that can adversely impact po-
tential measurement readings.

Further developmental testing should include direct comparisons, with no
other factor variations, of long term polarization decay data sets with and
without environmental disruptions (e.g., variations in oxygen diffusion,
soil moisture content, temperature, vehicular soil compaction). Only in
this way can the predicted long term values be shown to be equivalent to
the current accepted method without environmental interruption. The
documentation of the effects of environmental disruption and how long
term readings differ from predictions would also aid validation and hence
widespread acceptance.

Recommendations
5.2.1 Applicability

Thus far, the potential applicability of this technology has been demon-
strated. It should be especially applicable to large structures that require
long time intervals to polarize or depolarize. Once fully developed, vali-
dated, and accepted by NACE International (as discussed below under
“Implementation”), this technology should improve the reliability of
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checking the achievement of a 100 mV shift to meet the criterion for full
CP.

5.2.2 Implementation

Once this technology is fully developed and validated, the results will be
used to develop DoD facilities engineering guidance (e.g., Unified Facilities
Guide Specifications [UFGS] and Unified Facilities Criteria [UFC]) for tak-
ing fast and reliable polarization decay measurements. Lessons learned
will be noted and included in the associated DoD engineering guidance
(e.g., UFGSs and UFCs) as well as in Assistant Chief of Staff for Installa-
tion Management (ACSIM) guidance published under its Installation De-
sign Standards process. Specifically, for faster, more reliable monitoring of
impressed current systems, these three facilities engineering documents
should be revised:

«  UFGS 26 42 22.00 20, “Cathodic Protection System for Steel Water
Tanks”— paragraph 3.4, “Criteria for Cathodic Protection.”

« UFGS 26 42 17.00 10, “Cathodic Protection System (Impressed Cur-
rent)” — paragraphs 3.1, “Criteria of Protection” and 3.6.4, “Electrode
Potential Measurements.”

« UFGS 26 42 19.10, “Cathodic Protection System (Impressed Current)
for Lock Miter Gates” — paragraphs 1.3.2, “Performance Requirements”
and especially 1.3.2.2, “Second Criterion.”

When this technology application has been successfully demonstrated, val-
idated, and implemented by DoD, it will be suitable for consideration to
incorporate into NACE TM0497-2012 [3] and NACE SP0169-2013 [2].
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Appendix A: Laboratory Measurements

More than 40 polarization-decay tests were performed in the laboratory to
check the experimental setup, procedure, and data-collection system. A
portion of a typical data set is shown in Table A1 and, identically, is shown
in graphical form in Figure A1. Table A1 contains the first 100 data points
of a test lasting four hours. The sampling rate was one reading per second
and the CP current applied was 10 mA per square foot. Three identical 4 x
12 in. bare steel plates were used as samples, with 10 in. being submerged
in the water.

Table Al. Example partial data set for triplicate measurements on bare steel plates in

tap water.

Time (s) Plate 1 Potential (mV) Plate 2 Potential (mV) Plate 3 Potential (mV)
0 -1551.328 -1621.178 -1620.367
1 -1551.353 -1621.207 -1620.41
2 -1551.38 -1621.198 -1620.407
3 -1551.38 -1621.212 -1620.425
4 -1551.409 -1621.229 -1620.433
5 -1551.418 -1621.25 -1620.451
6 -1551.424 -1621.26 -1620.475
7 -1551.44 -1621.272 -1620.487
8 -1551.463 -1621.27 -1620.481
9 -1551.499 -1621.283 -1620.491
10 -1551.545 -1621.281 -1620.475
11 -1551.566 -1621.292 -1620.523
12 -1046.177 -1112.313 -1138.125
13 -1003.034 -995.591 -947.636
14 -983.889 974.635 -927.729
15 970.591 -960.061 -914.699
16 -959.337 948271 -904.272
17 -950.575 -938.27 -895.805
18 943.294 -930.295 -888.442
19 937.141 -923.532 -882.614
20 931.523 917.502 -877.366
21 926.717 911.714 -872.614
22 922418 -906.81 -868.138
23 918411 -902.308 -864.277
24 914.744 -898.095 -860.736
25 911.482 -894.222 -857.437
26 908.471 -890.75 -854.402

27 905.672 -887.635 -851.784
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Time (s)
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

Plate 1 Potential (mV)
-903.096
-900.657
-898.362
-896.112
-894.103
-892.186
-890.379
-888.592
-886.883
-885.252
-883.727
-882.199
-880.741
-879.373
-878.061
-876.71
-875.507
-874.307
-873.115
-871.949
-870.854
-869.815
-868.801
-867.783
-866.818
-865.899
-865.005
-864.103
-863.242
-862.431
-861.638
-860.848
-860.085
-859.363
-858.66
-857.945
-857.278
-856.623
-855.959
-855.347
-854.742
-854.145

Plate 2 Potential (mV)

-884.645
-881.766
-879.146
-876.715
-874.308
-872.155
-870.133
-868.243
-866.23

-864.462
-862.823
-861.159
-859.538
-858.071
-856.69

-855.263
-853.943
-852.666
-851.432
-850.22

-849.041
-847.967
-846.931
-845.878
-844.856
-843.919
-843.015
-842.094
-841.187
-840.362
-839.565
-838.763
-837.968
-837.241
-836.536
-835.816
-835.122
-834.462
-833.827
-833.179
-832.572
-831.984

Plate 3 Potential (mV)
-849.312
-846.926
-844.707
-842.722
-840.88
-839.062
-837.483
-835.996
-834.511
-833.113
-831.868
-830.656
-829.471
-828.38
-827.373
-826.385
-825.454
-824.525
-823.667
-822.847
-822.046
-821.3
-820.589
-819.894
-819.216
-818.58
-817.975
-817.38
-816.786
-816.233
-815.707
-815.196
-814.683
-814.199
-813.74
-813.284
-812.835
-812.396
-811.988
-811.588
-811.177
-810.797
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Time (s)
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

Plate 1 Potential (mV)

-853.574
-853.024
-852.524
-851.991
-851.423
-850.914
-850.406
-849.905
-849.444

-848.992
-848.508
-848.074
-847.652
-847.221
-846.801
-846.383
-845.98

-845.592
-845.205
-844.807
-844.438
-844.085
-843.729
-843.366
-843.021
-842.682
-842.342
-842.021
-841.694
-841.376

Plate 2 Potential (mV)

-831.421
-830.85

-830.363
-829.804
-829.253
-828.749
-828.255
-827.765
-827.297

-826.846
-826.393
-825.958
-825.535
-825.108
-824.699
-824.306
-823.897
-823.518
-823.14

-822.774
-822.401
-822.058
-821.711
-821.368
-821.039
-820.703
-820.38

-820.069
-819.774
-819.457

Plate 3 Potential (mV)
-810.43
-810.082
-809.746
-809.388
-809.046
-808.703
-808.382
-808.069
-807.772
-807.47
-807.172
-806.895
-806.619
-806.341
-806.07
-805.81
-805.554
-805.301
-805.047
-804.808
-804.568
-804.341
-804.108
-803.88
-803.662
-803.452
-803.225
-803.021
-802.822
-802.619
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Figure Al. Depolarization curve of three steel plates in tap water.
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The first set of indoor laboratory experiments was performed using
triplicate bare carbon steel test panels measuring 4 x 12 x 1/4 in. The
specimens were immersed in tap water in a 5-gallon aquarium-type glass
tank. An ICCP setup was applied to the panels. The electrical potential of
each panel with respect to a standard copper/copper sulfate reference
electrode was measured using a commercial recording voltmeter.
Measurements were recorded using a commercial high-resolution data
logger. Overall and close-up views of the test setup are shown in Figure A2
through Figure A6.

To test polarization decay for this setup and the two described below, the
CP current was interrupted after 24—72 hours, and polarization decay was
monitored and recorded by the data logger at a rate of one data point per
second.
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Figure A2. Overall laboratory setup for polarization-decay testing.

Figure A3. Tank containing triplicate steel test panels and reference electrode.

i
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Figure A4. High-resolution data logger and toggle switches for interrupting CP current.

- -

Figure A5. Commercial recording voltage meter connected to switch-box.
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Figure A6. Direct current (DC) power supply for CP setup
and laptop computer for data analysis and graphical plots.

A second set of indoor laboratory tests was conducted by using coated steel
panels partially buried in four 5-gallon buckets containing two types of soil
(Figure A7): (1) dense clay with poor oxygen permeability (orange buckets)
and (2) sandy loam that had high oxygen permeability(white buckets).
These panels were cathodically protected using magnesium or zinc sacrifi-
cial anodes (i.e., galvanic CP). It should be noted that the source of positive
CP current directed at a structure to be protected does not matter. Equiva-
lent current densities and polarization potentials can be achieved by either
impressed current or galvanic methods. The usual determining selection
factor for application is relative cost.

Figure A7. Steel test panels embedded in wet soil in 5-gallon plastic buckets. Test
panels were cathodically protected using zinc anodes.
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A third set of triplicate panels was used for outdoor laboratory testing,
buried in native soil outside the laboratory of Bushman and Associates in

Medina, OH (see Figures A8 and A9g). ICCP was applied to these outdoor
specimens.

Figure A8. Outdoor soil test setup.
- N — _

Ui
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Appendix B: Field Data Collection

Polarization-decay measurements were made on full-scale steel structures
at three different U.S. locations: Cleveland, OH; Jacksonville, FL; and In-
diana, PA (near Pittsburgh). In all cases the measurement process in-
cluded the monitoring and recording of sequential instantaneous polariza-
tion readings after the interruption of the rectifier. All readings were taken
with a digital volt meter and with respect to a standard Cu/CuSOy refer-
ence half-cell. Upon completion of taking readings, the rectifier was reen-
ergized.

Measurements were taken from two City of Cleveland potable water stor-
age tanks. One was an elevated structure with a capacity of 1-million gal-
lons (Figure B1 and Figure B2); the other was an above-ground tank with a
capacity of 5-million gallons (Figure B3 and Figure B4). Both tanks were
well coated on the interior and were protected by operating ICCP systems.

Figure B1. Elevated 1-million gallon tank.

i
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Figure B2. Polarization-decay measurements in progress at the
CP rectifier for the 1-million gallon elevated water storage tank.

i(cLosE
ATCH DOORS |
S .



ERDC/CERL TR-16-20 35

Figure B4. Polarization decay measurements in progress at the

rectifier for the 5-million gallon water storage tank.
iy : L

At a power plant in Jacksonville, FL, polarization-decay measurements
were taken by the CPC project contractor from several locations on a steel-
reinforced concrete cooling tower. These data were analyzed with six addi-
tional sets collected by an onsite contractor for the power plant.

At Indiana, PA, polarization-decay measurements were taken at eight test-
station points for four 50,000-gallon capacity underground steel fuel stor-
age tanks. Each steel tank was coated and protected by an impressed cur-
rent CP system. The test setup is shown in Figure B5 and Figure B6.
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Figure B5. Test setup for polarization decay measurements on four
underground fuel storage tanks (each 50-million gallon capacity).
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Appendix C: Preliminary Field Validation
Testing

Overall views of these tanks and the polarization-decay test setups are
shown in Figures C1 through C8. After successfully recording and down-
loading, all data were submitted to the curve-fit algorithm model. Excel-
lent curve-fits were obtained for the initial data, as illustrated by the exam-
ple in Figure C9 for the 500,000-gallon airfield elevated water storage
tank. Table C1 provides a summary of the calculated polarization-decay
projected values; again the coefficients of determination, or R2 values,
were very close to 1.0.

Figure C1. 500,000-gallon elevated water storage tank,
Fort Leonard Wood, MO.
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Figure C2. Test setup for polarization-decay
measurements for tank shown in Figure C1.

Figure C3. Prototype data logger being used for
polarization-decay measurements for tank shown in Figure C1.
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Figure C4. The 2.25-million gallon above-ground water storage tank
at Fort Leonard Wood, MO.

Figure C5. Test setup for polarization-decay measurements
for tank shown in Figure C4.
-
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Figure C6. Prototype data logger being used for
polarization-decay measurements for tank shown in Figure C4.

Figure C7. 500,000-gallon elevated water storage tank for
airfield at Fort Leonard Wood, MO.
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Figure C8. Test setup for polarization-decay
measurements for tank shown in Figure C7.
gl

Figure C9. Polarization-decay data and curve-fit trend lines for interior of
500,000-gallon elevated storage tank for airfield at Fort Leonard Wood, MO.
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Table C1. Example of calculated polarization-decay values for 500M-gallon elevated
airfield water storage tank at Fort Leonard Wood, MO, for extended time periods (up
to 1 year) from initial data points (150 to 900) for the curves shown in Figure C9.

First measured value at 12 seconds 841.00 mV
Final measured value at 50,000 seconds 724.80 mV
SZEE;Z/ISE(AASﬂI\?/;ED Polarization decay at 50000 116.20

Fit 150 Fit 300 Fit 600 Fit 900
4-Hour Calculated Value (mV) 805.66 804.99 804.07 803.13
(Polarization decay A mV) (35.34) (36.01) (36.93) (37.87)
12-Hour Calculated Value (mV) 802.7 801.89 800.76 799.61
(Polarization decay A mV) (38.3) (39.11) (40.24) (41.39)
24-Hour Calculated Value (mV) 800.82 799.94 798.68 797.39
(Polarization decay A mV) (40.18) (41.06) (42.32) (43.61)
48-Hour Calculated Value (mV) 798.95 797.98 796.59 795.16
(Polarization decay A mV) (42.05) (43.02) (44.41) (45.84)
One-Year Calculated Value (mV) 784.89 783.28 780.89 778.41
(Polarization decay A mV) (56.11) (57.72) (60.112) (62.59)
Coefficient of Determination, R2 (fitted range) 0.99248 0.99526 0.99416 0.99051
Coefficient of Determination (150 points) 0.99248 0.99146 0.9875 0.97616
Coefficient of Determination (300 points) 0.99262 0.99526 0.99244 0.9838
Coefficient of Determination (600 points) 0.97207 0.98812 0.99416 0.98898
Coefficient of Determination (900 points) 0.92448 0.9591 0.98319 0.99051
Coefficient of Determination (full observed range) | -3.59393 -3.47854 -3.3206 -3.1628




REPORT DOCUMENTATION PAGE oAb e e

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302.
Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid
OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
September 2016 Final

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Polarization Decay Fit for Assured Cathodic Protection of Steel Structures: Final Report on

Project F12-AR03 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER
Corrosion Prevention and Control

6. AUTHOR(S) 5d. PROJECT NUMBER
Thomas A. Carlson, Andrew P. Friedl, Charles P. Marsh, James P. Miller, James B. F12-AR03
Bushman, Robert Bushman, and Bopinder S. Phull 5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
U.S. Army Engineer Research and Development Center NUMBER

Construction Engineering Research Laboratory

PO Box 9005 ERDC/CERL TR-16-20

Champaign, IL 61826-9005

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

Office of the Secretary of Defense OUSD(AT&L)

3090 Defense Pentagon

Washington, DC  20301-3090 11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Corrosion is the number-one cause of damage to industrial waste lines, potable water distribution systems, heat distribution pipes, and
underground storage tanks. Besides costing millions of dollars annually to repair, corrosion at military installations can adversely im-
pact mission objectives through the catastrophic failure of mission-critical infrastructure. This project sought to develop a technology
to quickly and more reliably predict the achievement of the NACE International 100 mV polarization shift cathodic protection criterion
for large metallic structures. By basing the prediction on sufficient initial short-term data, any error associated with long-term environ-
mental changes (e.g., moisture, temperature changes, and soil compaction) is avoided. Time savings for reduced measurement labor is
a related benefit. Overall, the technology was validated at a proof-of-principle level. While not yet ready for immediate implementa-
tion, the technology merits further coordinated development. Wider testing and field demonstration, followed by a concerted and long-
term criteria acceptance effort, are still required. Once fully implemented, the projected return on investment is projected to be 8.55.

15. SUBJECT TERMS
Metals--Corrosion fatigue, Corrosion and anti-corrosives, Cathodic protection, Structural health monitoring, Cooling towers, Underground
storage tanks, Pipeline, Military bases, Rate of return

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER
Unclassified Unclassified Unclassified Uu 50 (include area code)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




	Abstract
	Table of Contents
	List of Figures and Tables
	Preface
	Executive Summary
	Unit Conversion Factors
	1 Introduction
	1.1 Problem statement
	1.2 Objective
	1.3 Approach
	1.4 Metrics

	2 Technical Investigation
	2.1 Technology overview
	2.2 Polarization-decay measurements
	2.3 Curve-fit considerations
	2.4 Concurrent development of a fieldable hand-held device
	2.5 Field experimentation and verification 

	3 Discussion
	3.1 Results
	3.1.1 Laboratory testing
	3.1.2 City of Cleveland field testing
	3.1.3 Florida data testing
	3.1.4 Indiana, PA, data testing
	3.1.5 Fort Leonard Wood preliminary field testing

	3.2 Lessons learned

	4 Economic Summary
	4.1 Costs and assumptions
	4.2 Projected return on investment (ROI)

	5 Conclusions and Recommendations
	5.1 Conclusions
	5.2 Recommendations
	5.2.1 Applicability
	5.2.2 Implementation


	References
	Appendix A: Laboratory Measurements
	Appendix B: Field Data Collection
	Appendix C: Preliminary Field Validation Testing
	Report Documentation Page



